Abstract: β-Mannanase (EC 3.2.1.78) is a key enzyme to hydrolyze the β-mannosidic linkages in mannan and heteromannan. The expression of a wild type β-mannanase (manWT) of Aspergillus sulphureus in Pichia pastoris is not high enough for its application in feed supplement. To earn a high expression level, the manWT gene was firstly optimized to manM according to the code bias of P. pastoris, which was then inserted into pPICzαA and transformed into P. pastoris strain X-33. In the induction by methanol, β-mannanase was expressed in high level with 32% increase in comparison with the manWT gene expressed in P. pastoris in shaken flask. In a 10-L fermenter, the manM was expressed in 9-fold higher level than that in shaken flask, which yielded the enzyme activity of 1100 U/mL. This is the first study on codon bias effect on the β-mannanase gene expression level, which helps to achieve high β-mannanase yield and enzymatic activity in P. pastoris.
Introduction
Mannans are components of hemicellulose in plant cell walls and seeds, and are abundant in animal feedstuff. However, monogastric animals, such as pigs, cannot digest mannans because their digestive system has no endogenous β-mannanase. The non-digestible mannans mixe with digesta to increase the digesta viscosity; thus feed mannans always display anti-nutritional effect (Ray et al. 1982; Edwards et al. 1988) .
To improve the efficiency of mannan-rich feedstuff, supplementation of β-mannanase to feed is a facilitated solution. High-level production of β-mannanase is, therefore, of importance for the feed manufacture. β-Mannanase has been reported to improve the efficiency of utilization of mannan-rich feed (Pettey et al. 2002; Daskiran et al. 2004; Jackson et al. 2004) .
β-Mannanase (EC 3.2.1.78) is the key enzyme that catalyzes random hydrolysis of β-1,4-mannosidic linkages in mannan and heteromannans. Natural expressed β-mannanase in fungi cannot meet the requirement of feed supplementation due to the low expression level and relative difficulty in purification. Recently, heterogeneous expression of a β-mannanase gene in other hosts has been applied (Christgau et al. 1994; Stålbrand et al. 1995; Setati et al. 2001; Xu et al. 2002) .
Aspergillus sulphureus MAFIC001, a novel strain of the filamentous fungus, is capable of secreting β-mannanase, xylanase, β-glucanase, pectinase, and carboxymethyl cellulase (Lu et al. 2003 ). In our lab, an A. sulphureus β-mannanase gene has been cloned and expressed in Pichia pastoris (Chen et al. 2007) . In an effort to further increase the expression of this β-mannanase, the main goal of the present study was to modify the gene sequence according to codon bias of P. pastoris and assay the expressed enzyme activity.
Material and methods

Construction of β-mannanase expression plasmid
The full-length cDNA sequence of A. sulphureusβ-mannanase gene was cloned in our previous study (Chen et al. 2007) . Then according to the codon bias of P. pastoris (Zhao et al. 2000) , the wild type β-mannanase gene (manWT) was optimized without amino acid alteration. The gene manM (1.1 kb) was synthesized by Sangon (Shanghai, China), in which two restriction enzyme sites (EcoRI and XbaI) were also designed at the both ends. After digestion with EcoRI and XbaI, the DNA fragment of the manM gene was inserted into the vector pPICZαA (Invitrogen, USA), and introduced into hostEscherichia coli Top10. The recombinant plasmid, pPIC-manM, was confirmed by restriction digestion and DNA sequencing analysis.
Transformation and screening of P. pastoris After linearization with SacI (New England BioLabs, USA), the recombinant plasmids (5-10 µg) were introduced into P. pastoris X-33 by electroporation using a Gene Pulser 236 X. Chen et al. 
Cultivation in shaken flask
A confirmed single colony of recombinant P. pastoris was cultured in 10 mL of buffered glycerol complex medium (yeast extract 1%, peptone 2%, yeast nitrogen base 1.34%, biotin 4 × 10 −5 %, glycerol 1%, and 100 mM potassium phosphate, pH 6.0) at 28
• C. When OD600 of the culture reached 4.0, cells were collected by centrifugation at 4,000 × g for 5 min and then re-suspended in 40 mL of buffered methanol complex medium (yeast extract 1%, peptone 2%, yeast nitrogen base 1.34%, biotin 4 × 10 −5 %, methanol 0.5%, and 100 mM potassium phosphate, pH 6.0), and then grown in a 250 mL baffled flask. Inductive expression was carried out with the addition of methanol (0.5% v/v) per 24 h at 28
• C which last for 6 d. P. pastoris X-33 harbored the manWT, described previously (Chen et al. 2007) , was used as a control. To detect the stability of the heterogeneous gene, the yeast was successively inoculated in yeast extract peptone dextrose medium for 20 passages. PCR was conducted to confirm the β-mannanase gene by the primers of QJ-F-1 and QJ-R-1.
Assays of enzyme activity
The β-mannanase activity was assayed as described by Lu et al. (2003) . All activity tests were conducted in triplicate. The maximal standard variation from the mean values was less than 5%. One unit (U) of β-mannanase activity was • C for 20 min, and the reducing sugar was measured by the dinitrosalicylic acid method (Miller 1959) . Protein concentration was measured using the Micro-BCA Protein Assay Reagent (Pierce, USA) according to the manufacturer's instruction.
Cultivation in a 10-L fermenter The P. pastoris transformant with the highest β-mannanase activity was selected and cultivated at 28
• C in a 2-L baffled flask containing 200 mL of buffered glycerol complex medium in a shaking incubator (250-300 rpm). After 24 h of culture, cells were pelleted and transferred into a 10-L fermenter (Baoxing, Shanghai, China) containing 4 L of buffered glycerol complex medium and grown at 28
• C. The fermentation process was divided into two phases, including a biomass accumulation phase and a methanol induction phase. When all the initial glycerol in the medium was completely consumed, as indicated by a dissolved oxygen spike, a fed-batch glycerol was initiated by feeding 50% glycerol (60 mL/h) into the fermenter. When all the supplemental glycerol was used up, the methanol induction phase was immediately triggered by addition of methanol. For adaptation to methanol culture medium, the methanol feed rate was 12 mL/h for the first 2-3 h, at 24 mL/h for another 2 h, and then at 30 mL/h until the end. The entire methanol fedbatch phase was maintained by the dissolved oxygen concentration above 20%. The culture pH value ranging from 5.0 to 5.5 was automatically adjusted by the addition of ammonium hydroxide.
Results
Codon optimization of A. sulphureus β-mannanase gene According to the codon bias of yeast P. pastoris, 304 nucleotides of the manWT gene were replaced. The G+C content was reduced from 55% to 38%, closer to the criteria of G+C content of a high-expression gene in P. pastoris. The synthesized gene manM (GenBank accession No. DQ464114) showed 72.08% similarity to the manWT gene (GenBank accession No. DQ328335) (Fig. 1) .
manM gene expression
The optimized β-mannanase gene was in-frame cloned into the downstream of an α-factor signal sequence of pPICZαA and successfully integrated into P. pastoris X-33, which was confirmed by genomic PCR analysis (data not shown). Ten transformants selected randomly were cultured in flasks and induced with methanol for 6 d. The results showed no significant differences among the induced enzyme activities. The manM expressed in 346 mg/mL protein concentration compared to 262 mg/mL of manWT expression, and the enzyme activity reached 126.2 U/mL which was 32% increased to the manWT activity (96 U/mL).
After 20 successive generations of culture, the strain that expressed the recombinant β-mannanase has good genetic stability as assessed with PCR, and no significant difference in protein yield and enzyme activity were observed (data not shown).
Fermentation of the recombinant yeast
The culture condition was optimized in a 10-L fermenter. The result showed the maximal β-mannanase activity at 96 h after the induction reached 1100 U/mL (Fig. 2) . And the highest protein expression level reached 3 mg/mL at this time point (Fig. 3) .
Enzyme properties
Enzyme properties, including optimal temperature, temperature stability, optimal pH value, pH stability, K m and V max of the β-mannanase expressed by P. pastoris containing manM gene were studied, which appeared to be similar to those of the wild type β-mannanase from the previous report (Chen et al. 2007 ).
Discussion
Compared with its karyotic counterpart, the yeast P. pastoris has been developed for an excellent heterogeneous expressing system due to its advantages, such as correct protein folding, protein processing, and posttranslational modification. In previous report, the codon bias correlated well with gene expression levels (Sharp & Li 1986) . For example, a two-fold increase in phytase yield relative to the wild type gene was created when P. pastoris codon preference was used (Xiong et al. 2005) . In this study, P. pastoris containing the optimized A. sulphureus β-mannanase gene (manM) showed 32% increase in enzyme yield or activity compared with the non-optimized wild type gene (manWT). As shown in Fig. 2 , the maximal β-mannanase activity was about 1100 U/mL in a 10-L fermenter culture, which is about 9-fold higher than that of manM gene expressed in shaken flask ferment-cultivating (126.2 U/mL). It was also 3.9-fold higher than Mytilus edulis β-mannanase (281.7 U/mL) expressed in a 14-L fermenter (Xu et al. 2002) .
In summary, this is the first study on codon bias effect on the β-mannanase gene expression level, which helps to achieve high β-mannanase yield and enzymatic activity in P. pastoris. This will be beneficial to the potential application of β-mannanase as a feed additive for monogastric animal feed.
